We review concepts and methods for comparative analysis of complete genomes including assessments of genomic compositional contrasts based on dinucleotide and tetranucleotide relative abundance values, identifications of rare and frequent oligonucleotides, evaluations and interpretations of codon biases in several large prokaryotic genomes, and characterizations of compositional asymmetry between the two DNA strands in certain bacterial genomes. The discussion also covers means for identifying alien (e.g. laterally transferred) genes and detecting potential specialization islands in bacterial genomes.
INTRODUCTION
Molecular sequence data are accumulating at an unprecedented pace. Dozens of complete genomes, tens of thousands of proteins, and several hundred nonredundant protein structures are now available. The coming phase of molecular biology will see increasing efforts to categorize and analyze these data using empirical and interactive statistical and computational methods with the goal of understanding on a molecular level the nature of information: its mode of expression and its biological meaning, its transfer in biological systems, and its evolution.
Genomic global and local compositional heterogeneity is widely recognized. The many facets of DNA heterogeneity include isochore compartments in vertebrate species (5) and the G+C-and A+T-rich halves of the bacteriophage lambda genome (40) ; transposable elements (such as Ty in yeast, IS in Escherichia coli and Alu in human) (4); centromeric satellite tandem repeats (such as the 171-bp human alpha satellite DNA) (92) ; characteristic telomeric sequences (such as the hexanucleotide AGGGTT tandem repeats in humans) (9) ; repetitive extragenic palindromes (REPs) of E. coli and Salmonella typhimurium (11, 32, 61) ; repeat induced point mutation (RIP) in Neurospora and other fungi (83) ; recombinational hot spots [such as chi elements in E. coli (61) ]; universal underrepresentation of the dinucleotide TpA (20) ; underrepresentation of the dinucleotide CpG in vertebrates and many thermophiles (41, 56) ; HTF islands (DNA sequences that generally occur upstream of vertebrate genes and are abundant with nonmethylated CpG) (8) ; the underrepresentation of the tetranucleotide CTAG in proteobacterial genomes (45, 56) ; GNN periodicity in coding sequences (27) ; and methyltransferase modifications (73) . Thus, genome organization is complex and variable. In particular, eukaryotic sequences are often endowed with tandem repeats accruing from polymerase slippage or unequal crossing-over and with distant direct and inverted repeats promoted in part by transposition, translocation, recombination, amplification, and excision. Many genomic sequences exhibit polymorphisms, strain variation, DNA inversions, and rearrangements reflecting a state of flux.
Prokaryotic genomes especially are in a state of flux influenced by natural genetic transformation (competence). Under appropriate conditions, almost all cells of Haemophilus influenzae and Neisseria gonorrhoeae are competent. Generally, although exogenous DNA incorporation is widespread in bacterial cells, nonspecific integration into the chromosome seems to be rare (69) . Biological phenomena are generally highly variable at the molecular level, a circumstance enabling evolutionary developments. [See the discussion between the protagonists (58) and antagonists (31) of the neutral theory of molecular evolution for explanations of the extant variability.]
Since 1995 more than two dozen complete prokaryotic and eukaryotic genomes have been reported and many more genomes and chromosomal sets are forthcoming. These genomes provide opportunities and pose challenges for characterizing genomic inhomogeneities, for detecting significant sequence patterns, and for evolutionary comparisons unbiased by selective sequencing. The first step of genome analysis commonly aims to identify the gene repertoire emphasizing similiarities, differences, and uniqueness among genes (e.g. 60, 89) . These authors have introduced methods to determine metabolic pathways exploiting comparative functional genomics. A caveat: Sequence (or gene) similarity does not per se imply functional/structural concordance and sequence differences do not per se preclude similar function (for examples, see 88) .
Methods for analyzing genomes emphasizing sequence features other than gene comparisons rely on the following assessments of genomic organization and sequence heterogeneity: (a) compositional biases of short oligonucleotides; (b) dinucleotide relative abundances (the genome signature); (c) codon and residue biases; (d ) rare and frequent words (oligonucleotides, peptides, codons); (e) clustering, overdispersion, or excessive evenness in the distribution of various markers, e.g. particular oligonucleotides, restriction sites, nucleosome placements, methylation targets, origins of replication, repair recognition sites, a myriad of control sequences; and ( f ) repeat structures in the genome.
This review emphasizes four (interrelated) areas:
1. Genomic signatures and their evolutionary implications. In particular, we apply the dinucleotide relative abundance profile for genome comparisons and phylogenetic reconstructions that do not require alignment. DNA structure and evolution is fundamental for understanding biases in dinucleotide relative abundance profiles (the genomic signature).
2. Statistical methods for genome analysis. In this context the use of r-scan statistics affords means to assess anomalies in the distribution of specific markers along sequences and characterizations of genomic heterogeneity within and between species (e.g. rare and frequent words, motifs or compositional biases).
3. Genomic codon usage patterns. Identification of constraints on codon and amino acid usages, codon bias, and genomic signature fluctuations help in detecting potential pathogenicity islands and in identifying laterally transferred genes.
4. Strand compositional asymmetry. Data are presented and interpretations are proffered in terms of replication asymmetries, mutational biases, transcription coupled repair mechanisms, and concomitants of multiple origins of replication.
GENOME SIGNATURE
Dinucleotide relative abundance values (dinucleotide bias) are assessed through the odds ratio ρ XY = f XY / f X f Y , where f X denotes the frequency of the nucleotide X and f XY is the frequency of the dinucleotide XY in the sequence under study. For double-stranded DNA sequences, a symmetrized version ρ * XY is computed from corresponding frequencies of the sequence concatenated with its inverted complementary sequence (44, 56) . Dinucleotide relative abundance profiles {ρ * XY } differences from 1 effectively assess contrasts between the observed dinucleotide frequencies and those expected from random associations of the component mononucleotide frequencies. From data simulations and statistical theory, estimates of ρ * XY ≤ 0.78 or ρ * XY ≥ 1.23 convey significant underrepresentation or overrepresentation, respectively, for sufficiently long (say ≥50 kb) random sequences, with the probability at most 0.001 for observing such an extreme base composition. For a random sequence, ρ * XY values, for all XY, approach 1 (deviation from 1 is about 1/ √ n for sequences of length n). Therefore, for n ∼ 100, 000, |ρ * XY − 1| is of the order 0.003. The dinucleotide relative abundance values (Table 1 ) evaluated for (≥50 kb) multiple DNA contigs from the same organism are generally much more similar to each other than they are for sequence contigs from different organisms (see below), and closely related organisms generally have more similar dinucleotide relative abundance values than do distantly related organisms (44, 49, 56) . Dinucleotide relative abundance values are equivalent to the robust "general designs" derived from biochemical nearest-neighbor frequency analysis (41, 80, 81) . These highly stable DNA doublets are essentially constant in most organisms for bulk DNA including protein coding DNA and for DNA fractions of differing sequence complexity (81) , suggesting that there may be genome-wide factors such as functions of the replication and repair machinery, context-dependent mutations rates, DNA modifications, and basestep conformational tendencies that impose limits on the compositional and structural patterns of a genome sequence. Thus, the set of dinucleotide relative abundance values constitutes a genomic signature (44, 56) that may reflect the influence of such factors.
Dinucleotide relative abundances capture most of the departure from randomness in genome sequences. Comparisons were made in terms of di-, tri-, and tetranucleotide relative abundance differences. The di-and the corresponding di-+ tri-+ tetra-relative abundances between sequences correlate highly (47, 49) , suggesting that DNA conformational arrangements are principally determined by base-step configurations (16, 24) . Analysis of the distribution of dinucleotide relative abundances separated by k = 1, 2, . . . , K other nucleotides has shown that although values for no separation are often highly biased, those for separation by one or more nucleotides are more nearly random (44) . More specifically, ρ * (X N k Y ), k ≥ 1 are almost always in the random range and uninformative. Parenthetically, prokaryotic genomes tend to be homogeneous in their G+C content but this property is not diagnostic in discriminating among prokaryotes.
Comparisons Among Genome Signature Values
CG is underrepresentated (significantly low relative abundances) in vertebrate sequences, many protist genomes (Plasmodium falciparum, Dictiostelium discoideum, Entamoeba histolytica; but not Trypanosoma brucei), dicots (44), animal mitochondrial genomes (22) , small viral genomes (48) , several thermophilic bacteria (56) , and several prokaryotic species, e.g. Borrelia burgdorferi, Clostridium acetobutylicum, and Mycoplasma genitalium, and overrepresented in Halobacterial sp., Bacillus stearothermophilus, and Neisseria gonorrhoeae (53) . The dinucleotide TA is broadly underrepresented in the bulk of prokaryotic and eukaryotic sequences (54, 56 4. AT is overrepresented in most α-proteobacterial sequences.
Dinucleotide Compositional Extremes in Prokaryotic Genomes
5. Only a few bacterial genomic sequences are devoid of any dinucleotide extremes. All dinucleotide relative abundances are in the random range for S. aureus, Anabaena, and P. aerophilum (Table 1) .
Dinucleotide Compositional Extremes in Eukaryotic Genomes
The following trends were observed.
1. TA is broadly underrepresented in eukaryotic chromosomes generally in the range ρ * TA ∼ 0.61-0.81. TA occurrences are in the random (normal) range in animal mitochondrial (Mt) sets and chloroplast genomes. Possible reasons for TA underrepresentation may be its low thermodynamic stacking energy, which is the lowest among all dinucleotides (e.g. 16, 24) , the high degree of degradation of UA dinucleotides by ribonucleases in mRNA tracts (6) (44) . CG is suppressed in animal mitochondria (ρ * values mostly in the range 0.50-0.65), whereas it is in the normal range in higher plant chloroplast genomes (46) . CG has normal representations in insects, worms, and most fungi. CG suppression has usually been ascribed to the classical methylation/deamination/mutation scenario causing mutation of CG to TG/CA (25, 90) . However, this hypothesis cannot account for the pervasive CG suppression in animal mitochondria that lack the standard methylase activity. Moreover, some mammalian genomes and all animal Mt genomes have CC/GG high but TG/CA in the normal range suggesting a possible CG → CC/GG mutation bias. We have proposed that CG deficiencies may in some circumstances be selected because of structural constraints related to high dinucleotide stacking energy, supercoiling, and chromatin packing (44).
3. The dinucleotides CC/GG, TG/CA, and AG/CT, all a single-base mutation from CG, are (except for dicot plants) overrepresented only in genomes with strong CG suppression. These dinucleotide relative abundances separate rodents, posssessing TG/CA and AG/CT of significantly high representations and CC/GG in the normal range, from the nonrodents (primates, artiodactyls, and lagomorphs) that possess relative high abundances of CC/GG, but TG/CA and AG/CT in the normal range (Table 2 ) (54). (1, 3) . Dinucleotide contrasts are assessed through the odds ratio
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We refer to the profiles {ρ XY (1, 2)}, {ρ X Z (1, 3)}, {ρ Y Z (2, 3)}, and also {ρ Z W (3, 4)}, where 4 (=1) is the first position of the next codon, as the codon signature to be distinguished from the global genome signature (52) . For large collections of genes (50 or more), we found that the codon signature, like the genome signature, is essentially invariant. Moreover, the codon signature in mammals largely parallels the genome signature but also accommodates amino acid constraints. CG and TA suppression in human (and vertebrate) sequences is a strong component of the dinucleotide biases in all coding and noncoding sequences of human. CG suppression is stronger in noncoding sequences, whereas TA suppression is stronger in genes, perhaps because of high susceptibility of RNase activity in transcripts containing UA (6) . CG is less suppressed at sites {1, 2}, probably reflecting requirements of Arg usage (52) .
In human sequences, even though G is the most frequent nucleotide (32-33%), at codon site 1 = 4 and C is the most frequent nucleotide at codon site 3 (29.3%), the dinucleotide CG frequency is significantly deficient. Moreover, the extent of CG suppression is less extreme at codon junctions (ρ CG (3, 4) ≈ 0.44) compared to codon positions {2, 3} (ρ CG (2, 3) ≈ 0.36) within a codon. One way to explain this inequality recognizes the methylation/deamination/ mutation pathway coupled to the hypothesis that DNA repair in the transcribed strand is more proficient than in the nontranscribed strand (36) . Specifically, comparing CG at {2, 3} with CG at {3, 4}, we assume that the methylation/deamination/mutation scenario creates mutation at nucleotide C much more than at nucleotide G.
It is of interest to compare the codon signature with the genome signature. The genome and codon signatures of human are qualitatively concordant (52) . This result is consistent with our thesis that codon choice in human (and mammalian) genes is largely a consequence of two factors: (a) constraints on amino-acid usages essential for protein structure/function; and (b) maintaining DNA structures dependent on base-step conformational tendencies consistent with the organism's genome signature determined by genome-wide processes of DNA modification, replication, and repair (52).
MEASURES OF DIFFERENCES WITHIN AND BETWEEN GENOMES
A measure of difference between two sequences f and g (from different organisms or from different regions of the same genome) is the average absolute dinucleotide relative abundance difference calculated as
where the sum extends over all dinucleotides (abbreviated δ * -differences). Table 3 compares δ * ( f, g) values within and between large genomic sequence sets. The average δ * -differences are based on multiple 50-kb contigs. To avoid the possibility of a few extreme dinucleotide relative abundances exerting a large influence on the δ * -value, we have introduced a method of partial orderings comparing the complete genome signature vector of the two sequences. The partial orderings are consistent with accepted evolutionary relationships and reinforce our conclusions from the distance analysis. For rationale, precision, and examples, see (49, 51, 56) . Figure 1 displays a set of histograms generated by all pairwise δ * -differences among nonoverlapping 50 kb contigs of selected species. For convenience, we describe levels of δ * -differences for some reference examples (all values mutliplied by 1000): Within-species δ * -differences (diagonal elements of Table 3 ) range from 20-43 (all δ * -differences are multiplied by 1000), whereas the average betweenspecies δ * -differences range from 34-309. Thus, within-species δ * -differences are persistently of lower values compared to between-species.
Prokaryotic Taxonomy
There are many uncertainties and active debates regarding the taxonomy of prokaryotes [for a recent review see (17)]. It is of interest to see how genomic signature information correlates with other measures of sequence similarity. Diagonal entries show average within-species δ*-differences (average over all pairwise comparisons between disjoint 50 kb samples from the same genome). Non-diagonal entries show average between-species δ differences. The values of δ ≤ 60 are printed on a white background, 60 < δ ≤ 120 on a light dotted background, 120 < δ ≤ 180 on a de dotted background and values of δ >180 are printed white on background. Figure 1 Histograms of δ -differences for all pairs of ∼50-kb disjoint sequence samples within a single species or from two different genomes.
1. A central unresolved problem concerns whether archaea are monophyletic or polyphyletic. Equivalently, are archaea a separate coherent grouping among prokaryotes? On the basis of rRNA gene comparisons (74, 93) , the archaea are deemed monophyletic. This conclusion is supported by some protein comparisons, e.g. the eukaryotic and archaeal RecA-like sequences of Rad51/Dmc1/ RadA (14, 82) and the elongation factor EF-1α and EF-2G families (2, 78) . However, many protein comparisons challenge the monophyletic character of the archaea. For example, bacterial relationships based on comparisons among the HSP70-kD (E. coli DnaK homologue) sequences place the Halobacteria closer to the Streptomyces than to other archaeal or eukaryotic species (33) (34) (35) . Further results along these lines apply to the protein families glutamate dehydrogenase (3) and to glutamine synthetase (18) . Some of the anomalies are interpreted in terms of lateral transfer events. Lake and collaborators divide the prokaryotes into eubacteria, halobacteria, and eocytes (65, 78) .
With respect to genomic signature comparisons, Sulfolobus shows the following δ * -differences to other bacterial genomes: (Sulfolobus, Clostridium) 4. The δ * -differences of H. pylori to all other prokaryotic sequences exceed 110 and mostly exceed 160. The sequences weakly similar to H. pylori are a few of the γ -proteobacterial sequences and the B. burgdorferi genome. However, unlike proteobacterial genomes where the tetranucleotide CTAG is drastically underrepresented, the H. pylori genome carries normal representations of CTAG (see below). The H. pylori genome sequence has a pathogenicity island about 37 kb in length (cagA-region), putatively of "foreign" origin (23) . The cagAregion is the most deviant in terms of genome signature from the rest of the genome. Specifically, the average δ * -difference between cagA and all other H. pylori genomic segments of the same length is 123, significantly higher than δ * -differences among all other segments (average 31, range 6-110). It appears that δ * -differences (genomic signature differences) might be used for detecting alien DNA sequences, including pathogenicity islands.
5. Chlamydia is very distant from all other eubacteria but remarkably close to A. fulgidus (δ * = 47) and weakly to distantly similar to P. horikoshii, P. aerophilum and Sulfolobus sp. (δ * values in the interval 100-130). The genome of A. fulgidus is moderately to weakly similar to some eukaryotes, Caenorhabditis elegans, Saccharomyces cerevisiae, and A. thaliana, but distant from vertebrates.
BACTERIOPHAGE AND EUBACTERIA For a collection of 23 bacteriophages, it is shown (10) that (a) the phage genomes too are endowed with a distinct genome signature; (b) the enteric temperate dsDNA phages form a coherent group, in contrast to the lytic dsDNA phages; and (c) the signatures of phages whose replication depends on host machinery converge toward the signatures of the hosts, whereas autologously replicating phages (T4, T7) diverge to their own characteristic signatures. These observations further support the hypothesis (44) that the intrinsic replication and repair mechanisms contribute significantly to the constancy and uniqueness of the species-specific dinucleotide relative abundances. δ
* -Differences Among Eukaryote Genomes and Between Eukaryotes and Prokaryotes
1. The most homogenous eukaryote genomes occur among fungi (especially S. cerevisiae, see Figure 1 ), whereas the most diverse genomes are found among protists. The distribution of the δ * -differences between human and mouse sequence samples is only slightly shifted relative to δ * -differences within human sequence samples, reflecting moderate similarity of human and mouse ( Figure 1 ). On the other hand, the δ * -differences between human and S. cerevisiae and between human and D. melanogaster are substantially higher than all within-species δ * -differences. 
Mechanisms of the Genome Signature
Mechanisms that underlie the signature determination may include (a) contextdependent mutation (of which the methylation/deamination mechanism can be taken as prototypic), or (b) selection for structural features of DNA. DNA participates in multiple activities including genome replication, repair, and segregation. In higher eukaryotes, controls on replication can hardly be sequence specific (62) . There are fundamental differences in replication characteristics between Drosophila and mouse (12) . Drosophila DNA replicates frenetically in the first hour after fertilization, with replication bubbles distributed about every 10 kb. At about 12 h, effective origins are spread to about 40 kb apart. In mouse, the rate of replication appears to be uniform throughout developmental and adult stages. Cell divisions involve DNA stacking on itself and loopouts that need to be judiciously decondensed to undergo segregation. The observed narrow limits to intragenomic heterogeneity may correlate with conserved features of DNA structure.
The influence of the (double-stranded dinucleotide) base step on DNA conformational preferences is reflected in slide, roll, propeller twist, and helical twist parameters (21, 39) . Calculations and experiments both indicate that the sugar-phosphate backbones are relatively flexible. However, base sequence influences flexural properties of DNA and governs its ability to wrap around histone cores. Moreover, certain base sequences are associated with intrinsic curvature, which can lead to bending and supercoiling. Inappropriate juxtaposition or distribution of purine and pyrimidine bases could engender steric clashes (39) . For example, transient misalignment during replication is associated with structural alterations of the backbone in alternating purine-pyrimidine sequences. On the other hand, purine and pyrimidine tracts have fewer steric conflicts between neighbors (37, 39) . Dinucleotide relative abundance deviations may reflect duplex curvature, supercoiling, and other higher-order DNA structural features. Many DNA repair enzymes recognize shapes or lesions in DNA structures more than specific sequences (26, 63) . Nucleosome positioning, interactions with DNA-binding proteins, and ribosomal binding of mRNA appear to be strongly affected by dinucleotide arrangements (21, 91) .
Other general influences relate to environmental conditions affecting DNA sequence and structure include osmolarity gradients, UV irradiation, temperature extremes, hydrostatic pressures, pH environment, metal concentrations, habitat variants, energy sources and systems, interacting fauna and flora, and stress conditions that can trigger transposition events and alternative recombination pathways. Further factors that affect genomic structure and organization and flux of DNA involve direct or indirect transfer of genomic pieces between organisms.
FREQUENT AND RARE WORDS (OLIGONUCLEOTIDES) IN SOME PROKARYOTE GENOMES
It is of interest to determine which words of moderate size in the genome occur with unusually high or low frequencies and to identify anomalies in their distribution. For DNA, rare words might be binding sites for transcription control factors restricted to specific locations. Alternatively, rare words may be discriminated against due to structural defects (kinking), e.g. as has been suggested for the tetranucleotide CTAG, which is extremely rare in most purple proteobacterial genomes (20) . The crystallographic resolution of the TrpR-DNA complex (75) and also for the MetJ-DNA complex (76) indicates CTAG kinks that may be structurally deleterious elsewhere in the DNA. The potential role of the vsr gene product (very short patch repair system) in attenuating the frequency of CTAG in certain bacterial genomes is also recognized (7, 45) .
Frequent words often include parts of repetitive structural, regulatory and transposable elements, e.g. uptake signal sequences in H. influenzae (87) and Chi sites of E. coli (which in association with the RecBCD complex promote recombination). [For the formal statistical theory of rare and frequent words, see (47, 50, 55) ]. In proteins, frequent oligopeptides often reflect characteristic motifs shared in certain protein families, e.g. the sequence environment of the catalytic triad of serine proteases, the ATP-binding motif (Walker-box) of prokaryotic and eukaryotic proteins. A comparison of texts or distributions of such words within sets of sequences from different organisms may suggest important evolutionary tendencies or constraints at work.
A remarkably frequent word called the Highly Iterated Palindrome GGCGATCGCC (see 79) occurs in the cyanobacterium, Synechocystis sp. (PCC 6803), genome (2768 occurrences). The principal frequent words of M. genitalium are related to multiple long trinucleotide iterations of (GTA), (CTT), and (CTA).
In H. influenzae, three major classes of frequent oligonucleotides stand out: (a) oligonucleotides related to uptake signal sequences (USSs), AAGTGCGGT (USS + ) and its inverted complement (USS − ); (b) multiple tetranucleotide iterations (e.g. (CCAA) 37 , (CCAA) 21 , (TCAA) 33 , (TCAA) 23 ), and others; (c) Intergenic Dyad Sequences (IDSs) found as AAGCCCACCCTAC and its dyad form (71) . The USS + and USS − occur in almost equal counts that are remarkably evenly spaced around the genome and that appear predominantly in the same reading frame in protein coding domains (USS + translated to Ser-Ala-Val, USS − translated to Thr-Ala-Leu). These observations suggest that USSs contribute to global nonspecific genomic functions, for example, in replication and/or repair processes, or as membrane attachments sites, or as sequences helping to pack DNA. The extensive tetranucleotide iterations (i.e. unknown in prokaryotes other than H. influenzae), through polymerase slippage during replication and/or homologous recombination may produce subpopulations expressing alternative proteins. The 13-bp frequent IDS words, AAGCCCACCCTAC and its inverted complement, invariably intergenic, occur mostly in clusters and provide potential for various secondary structures, suggesting that these sequences may be important signals for regulating the activity of flanking genes (71) .
In Neisseria gonorrhoeae, constitutive natural uptake of DNA of its own genus is related to the oligonucleotides TTCAGACGGC and its inverted complement GCCGTCTGAA, which are the most frequent words of size 10 in N. gonorrhoeae DNA. By contrast, the Bacillus subtilis genome contains no frequent oligonucleotides.
The most notable frequent words of M. jannaschii are parts of the 30-bp oligonucleotide W = RTTAAAATCAGACCGTTTCGGAATGGAAAY (R = purine, Y = pyrimidine), with 63 occurrences and 3 in its inverted complementary form. Allowing for ≥80% identity, 134 such words occur in the genome. These words mostly occur in clusters separated by 5 long gaps of 130-400-kb lengths. Within the clusters, the words tend to be regularly spaced and separated by approximately 40 bp. These words constitute "short repeat segments" of a multicopy repeat structure (19) .
The frequent word analysis applied to the genome of Methanobacterium thermoautotrophicum (1.75 Mb) (86) Allowing up to 6 errors, U increases to 26 occurrences (predominantly GTTTCCGTAGAACTcAgTAGTTGGAAAG) confined to 183079-184834 about evenly spaced. The third cluster of 66 copies extends from 966566-970971, again evenly spaced with about 40 bp separating each pair of U. There is no unambiguous similarity between U, V, and W. Corresponding repeats were not found in any nonarchaeal genomes. The significance of these repeats is unknown.
Distributional Properties of Some Frequent Oligonucleotides
We describe several distributional anomalies of the USS sequences of H. influenzae analyzed with the assistance of r-scan statistics [for background and applications of r-scans, see (13, 15, 42, 43, 55) ].
OVERDISPERSIONS AND CLUSTERS APPLIED TO THE COMBINED SET OF USS + AND
USS − OCCURRENCES Significant overdispersion is detected at positions 1.56-1.59 Mb, a region dominated with phage Mu-like sequences. A second significant overdispersion of USSs occurs in the region of positions 834-855 kb, which is replete with ribosomal protein genes. A significant cluster is found at 1.756 Mb associated with a 168-bp coding sequence (containing a USS dyad) tandemly repeated four times.
SIGNIFICANTLY EVEN SPACINGS OF USS IN EACH ORIENTATION Another striking anomaly of USS positions concerns the significantly even spacings of the USS
+ occurrences and the same for the USS − occurrences. Specifically, both USS + positions and USS − positions have respective minimum spacings significantly higher than expected by chance, with the probability <0.001 to observe such an even distribution with the same numbers of randomly distributed markers.
Comparable to the foregoing, the r-scan lengths (r = 1, 2, . . . , 6) revealed an excessively even distribution of the highly iterated palindrome HIP1 GGCGATCGCC in the Synechocystis sp. genome. The even spacing of HIP1 (p * 0.1%) is more extreme than that of USSs in H. influenzae. The critical minimum spacing for 0.1% significance is 9 bp, i.e. the chance that all spacings are >9 bp has probability <0.001 for a random distribution of HIP1 words. The observed minimum r-scan is 52 bp.
CTAG Underrepresentations
CTAG is significantly underrepresented in many bacteria encompassing purple proteobacteria (exceptions H. pylori and N. meningitidis), high-G+C Grampositive Streptomyces, and several archaeal genomes but generally not in eukaryotes. Although the tetranucleotide CTAG is very low in E. coli and H. influenzae (Table 4) , the distribution of CTAG sites around the E. coli genome shows six significant clusters each contained in a rRNA unit (45) , whereas in the H. influenzae genome, the r-scan statistics (55) demonstrate that the extant CTAG sites are randomly distributed. The relative clustering of seven to nine CTAG sites in every E. coli rRNA gene about once every 400 bp is in sharp contrast to the mean frequency of CTAG in E. coli of about one per 5200 bp over the whole genome. This anomaly applies to numerous other proteobacterial genomes. CTAG is generally low in most classes of E. coli phages (10) . Exceptions are P4 and Mu (τ * = 0.93 and 0.97, respectively). The CTAG sites tend to occur in small clusters in each of these phages.
Agrobacterium tumefaciens is significantly low in CTAG (τ * = 0.65), whereas its associated Ti plasmid sequence (106 kb) possesses τ * CTAG = 0.86 in the normal range (data not shown). N. gonorrhoeae is normal for CTAG but is severely underrepresented for CATG and GATC. 
Other Tetranucleotide Extremes
The palindromic tetranucleotides CCGG and GGCC of H. influenzae have markedly low representations, and these sites tend to be clustered about rRNA sequences (55) . The same bias and distribution apply to CTAG sites in E. coli.
Tetranucleotide biases in eukaryotes are relatively uncommon; all genomes with substantial DNA available show no significant tetranucleotide over-or underrepresentations. Most underrepresented tetranucleotides occur in prokaryotes. M. jannaschii is very significantly low in five palindromic tetranucleotides, whereas M. thermoautotrophicum only is underrepresented in CTAG. M. genitalium and M. pneumoniae show the identical low extreme for TATA. The two spirochaetes B. burgdorferi and Treponema pallidum carry no tetranucleotide extremes. The same applies to M. leprae and M. tuberculosis.
H. influenzae is distinguished with eight low palindrome tetranucleotides. H. pylori is uniquely overrepresented for CCGG, and P. aerophilum is uniquely overrepresented for GGCC.
Restriction Avoidance
The low values for palindromic tetranucleotides in Table 4 may reflect to some extent restriction avoidance by the various prokaryotes. The M. jannaschii genome (1.66 Mb complete) features five significantly low palindromic tetranucleotides and one high nonpalindromic tetranucleotide. On the basis of sequence similarity, eight potential methylases of restriction modification systems have been reported (R Roberts, personal communication). The counts and distributions of the palindromic nucleotides {CTAG, GATC, GTAC, CATG} of the same nucleotide content are striking. For example, CTAG occurrences are drastically low, confined mainly to two significant clusters about kilobase positions 155 to 161 and 637 to 643, the latter cluster intercalated with seven putative tRNA genes. GATC sites tally 252 counts distributed in five significant clusters about kilobase positions 158 to 159, 349 to 352, 530 to 532, 638 to 640, and 664 to 673, two of which coincide with the CTAG clusters. There are three significantly long gaps of 70, 71, and 117 kb devoid of GATC sites (r-scan statistics). GTAC counts are 334, highlighting again the same two clusters at kb 155 to 159 and 639 to 643. In sharp contrast, CATG sites show a normal count of 3554 occurrences, quite randomly distributed around the genome.
GCGC and CGCG tally 119 and 101 counts, respectively, in M. jannaschii distributed around the genome featuring clusters in the same regions, about positions 155 to 161 and 637 to 643. A propos, a profile of G+C counts in 10-kb windows (or 50-kb windows) highlights two regions concentrated about positions 155 to 161 and 637 to 643 with G+C frequencies near 50%, contrasted to a global genome of 31% G+C content.
CODON BIASES IN BACTERIAL GENOMES
The nature of codon choices varies considerably from organism to organism [for a recent review, see (85) ]. Our objective in this part is to highlight some new perspectives and results on codon biases in selected complete genomes.
Variations in tRNA availabilities are interpreted by several authors as a key factor in producing codon bias of the "highly expressed genes" of yeast and E. coli. Translational accuracy and efficiency and codon/anticodon interaction strength are also influential (1, 64) . Selective and nonselective substitutional biases operating during DNA replication, transcription, and repair processes also play a role. Compartmental heterogeneity (isochores) in mammalian genomes underscore S = (C+G) or W = (A+T) nucleotide predominance (38) . Other factors that may influence codon choices in vertebrates include CpG suppression, methylation effects of DNA (90), tissue or organ specificity (38) , mRNA stability (1), codon context (52, 57) , and species of origin (66) .
Establishing the rules of codon usage is of interest with respect to fundamental evolutionary questions. Some preliminary analysis suggests that recently imported genes show deviant codon usage from the host gene inventories (66, 67, 70) . A deeper understanding of codon and residue choices can help in gene prediction, in characterizing properties of a given gene and in classifying gene families.
Comparisons of Codon Usage Between Different Gene Classes
Variation in codon usage across a genome can be assessed in many ways. One approach is to compare codon usage within and between various gene classes of the organism. For example, the genes of bacterial genomes have been divided into 14 major function and cellular classes [adapted from (77) ], each generally comprised of several subclasses. Another means in forming gene classes can be based on partitioning the genome into 100-kb, 200-kb, or longer contigs and assembling all genes of each contig to define a gene group (S Karlin & J Mrázek, unpublished).
Gene groups can be generated by forming k (e.g. k = 2, 3, 5, 10) clusters distinguishing genes by similarity of codon usage (in 61 dimensional space) (70) , or alternatively by similarity of amino acid usages or relative to a reduced set of amino acids or codons. The different clusters can be regarded as distinct gene classes.
Measures of Relative Codon Biases
CODON ADAPTATION INDEX A quantitative measure proposed for assessment of codon bias is the codon adaptation index [CAI, (84) ]. This specifies a reference set of genes, almost invariably, H, chosen from among "highly expressed genes." Defining
xyz as the ratio of the frequency of the codon (x yz) to the maximal codon frequency in H for the same amino acid a , the CAI of a gene of length L is taken as (
1/L (the log average), where i refers to the i th codon of the gene and w is calculated as above. High values (near 1) of CAI correlate with high expression levels. Classification of genes according to their CAI values has been done in several publications. Genes that are known (experimentally) to be highly expressed, at least during cellular fast growth, include most ribosomal protein genes and genes coding for elongation factors (tuf and fus) and some membrane genes. However, not all ribosomal proteins have a high CAI value (57).
CODON BIAS (CB) BETWEEN GENE CLASSES We introduce a flexible way to assess bias of one group of genes (or a single gene) relative to a second group of genes (57) . Let C be a class of genes with aggregate codon frequencies c(x, y, z) normalized to 1 relative to each amino acid so that (x,y,z)=a c(x, y, z) = 1, where the sum extends over all codons (x, y, z) translated to amino acid a. Let { f (x, y, z)} indicate the codon frequencies for the gene family F, also normalized to 1 in each codon family. We assess the codon bias of the gene family F relative to the gene family C by the formula
where { p a (F )} is the set of amino acid frequencies of the combined genes of F. Notice the asymmetry of B(F | C) in that only the amino acid frequencies of F appear as weights. We refer to the gene collection C as the standard to which different gene groups 
Anomalies of Ribosomal Proteins
The ribosomal protein family codon frequencies generally deviate strongly from overall codon frequencies in many bacterial genomes ( The foregoing results are consistent with the proposition that genes highly expressed during exponential growth phase, which certainly include ribosomal proteins, show highly biased codon usages. However, tRNA synthetases are also essential genes and putatively highly expressed in the same environment, but the codon bias is much reduced.
Why do the ribosomal proteins often register the largest codon bias in E. coli and B. subtilis with respect to their genomes, but markedly less for the other complete genomes of H. influenzae, M. genitalium, and M. jannaschii? This may, in part, be due to the fast-growing nature of E. coli and B. subtilis compared to other prokaryotes. YEAST The yeast (S. cerevisiae) ( Table 6) 
Relative Codon Usage Variation Among Bacterial and Yeast Genomes
The average difference of codon usage of each genome relative to the other genomes generally exceeds 300 ( Table 7) . The closest to E. coli is B. subtilis with B(Bsu | Eco) = 274 (see legend to Table 7 
Site 3 G+C Frequencies Around the Genome
Each of the bacterial genomes were partitioned into ten contigs of about equal lengths. The genes of each contig were assembled into a gene class. Figure 2 depicts the variation of site 3 G+C frequencies for these ten gene classes. E. coli and B. subtilis in the ter contig show S3% reduced by at least 5% from genes near ori-C. The B. subtilis S3% value is "symmetric" about ori-C or ter increasing to a maximum about halfway between ori-C and the ter region in both halves. S3 frequencies in H. influenzae increase slightly in both directions from ori-C to a maximum in the ter contig. The archaeal M. jannaschii and A. fulgidus S3 frequencies are constant around their genomes, whereas M. thermoautotrophicum is manifestly variable. Synechocystis is also rather constant. These results support speculations connecting replication timing to codon usage and to the possibility of multiple replication origins in several of these genomes.
Codon Bias and "Alien" Genes
Genes within a species tend to be rather homogeneous in base composition and in amino acid and codon usages, although the "highly expressed genes" in bacterial genomes during exponential growth phase are often significantly different in codon usage and to a lesser extent in amino acid usage from the average gene. Prototypes of highly expressed genes in bacterial genomes include ribosomal proteins, translation elongation factors, major chaperonins and some outer membrane proteins. Other genes with high codon bias may be considered to be DNA imported through recent horizontal transfer or to be deviant due to other disrupting influences. In terms of our codon bias assessments, we characterize genes as "alien" if they fulfill the following criteria: (a) codon bias (formula [1] ) of gene g compared to the average gene of the species exceeds an appropriately high threshold; (b) codon bias of g relative to the set of ribosomal proteins B (g | RP) is also appropriately high. Requirement (b) excludes most "highly expressed genes" as alien genes. At the time of introgression, horizontally transferred genes reflect the genome composition of the donor genome that, however, over time shift to the DNA compositional "biases and asymmetries" of the new genome (66, 67) . For the B. subtilis genome, Figure 3 plots the codon biases of all long individual genes (those of length at least 200 codons) relative to the average gene on the vertical axis and to the class of RP genes on the horizontal axis [see (57) for the corresponding analysis of E. coli genes]. Alien genes are defined such that B (g | all) > 0.42 and B (g | RP) > 0. 45 . By these criteria, we distinguish Table 8 lists all long genes (>200 codons) satisfying these criteria. These include 6 large RPs; the elongation factors EF-G, EF-Tu, EF-Ts; a number of mainstream glycolysis genes (triose phosphate isomerase, phosphoglycerate kinase, g3pd, enolase, aldolase, pyruvate dehydrogenase E1, E2 and E3 subunits); and three chaperonin proteins (DnaK, GroEL and PrsA). This collection of highly expressed proteins parallels the highly expressed proteins of E. coli and H. influenzae (data not shown).
Sliding Window Genomic-Signature Analysis
It is useful to plot at each position for a 50-kb window a δ * -difference compared to the average genomic signature (Figure 4) . In B. subtilis these δ * -difference values peak about position 2.18 Mb to 2.28 Mb. This region conatains many ORFs including many alien genes and is also the most deviant 50-kb window in amino acid usuages and in gene codon bias. The second peak extending from position 2.65 Mb to position 2.75 Mb is also abundant with ORFs and alien genes.
Pathogenicity islands (Pa-i) contain genes that cause diseases such as genes encoding invasins, adhesins, and secretion factors that often are sources of toxins. Pathogenicity islands are a subset of specialization islands (linked blocks of genes with related functions present in some closely related strains or species but not in others such as COB operon of S. typhimurium). These islands generally deviate sharply in G+C content from the average global genome G+C frequency. Other means of discriminating islands exploit the genomic signature profile and codon bias of the island genes compared to the genomic signature profile and codon bias relative to the average gene, respectively. We illustrate these ideas with respect to the H. pylori genome. The H. pylori genome sequence has a known pathogenicity island about 37 kb in length (cagA-region) (23, 29) . The cagA-region is the most deviant in terms of genomic signature from the rest of the genome (see Figure 5) . Explicitly, the average δ * -difference between cagA and all other H. pylori genomic segments of the same length is 0.123, significantly higher than δ * -differences among all other segments (average 0.031; range 0.006 to 0.110). In comparing the codon bias of the genes in each 50-kb segment to the average H. pylori gene, Figure 5 shows that the cagA region carries the highest codon bias. 
DNA DUPLEX AND COMPOSITIONAL ASYMMETRY
Several recent studies have uncovered strand compositional asymmetry between the two DNA strands in certain bacterial genomes (68, 72 ) (see Figure 6) . A prevalence of G over C in the leading strand relative to the lagging strand was observed in the genomes of E. coli, of B. subtilis, of M. genitalium, and marginally of H. influenzae, M. pneumoniae, and H. pylori. The linear genome of B. burgdorferi divides into two halves of opposite G-C predominance. By contrast, dinucleotide relative abundances are approximately congruent with respect to the leading and lagging strands for all prokaryotic and eukaryotic genomes. The bias of the leading strand favoring G over C in the E. coli Figure 6 Sliding window plots of (C−G)/(C+G) counts for B. subtilis and Synechocystis sp. complete genomic DNA. Origin of replication in B. subtilis is located at 0 Mb. genome is at variance with the common belief (e.g. 28) that large contigs of each strand in E. coli and most genomes tend to be approximately equal in G and C and approximately equal in A and T base content.
Strand compositional asymmetry is not observed in the cyanobacterium Synechocystis sp. genome nor in the archaeal genomes of M. jannaschii, M. thermoautotrophicum, A. fulgidus, and P. aerophilum. Several eukaryotic chromosomes (and long stretches) including the entire yeast (S. cerevisiae) genome (16 chromosomes), three chromosomes of C. elegans, the bithorax region (340 kb) of D. melanogaster, the human T-cell receptor beta locus (670 kb on chromosome 7), and the BRCA2 gene region (780 kb on chromosome 14), show no distinctive strand asymmetry.
The most consistent explanation of the data is that mononucleotide strand asymmetry in a prokaryotic genome is a consequence of a unique origin of replication coupled to bidirectional replication that favors purines (especially G > C) on the leading strand. Along these lines, strand compositional asymmetry is not apparent in the genomes of organisms known to possess multiple origins of bidirectional replication present on average about every 50 kb apart.
A propos, no origin of replication has been identified in the archaea at hand, and it has been conjectured that many archaeal genomes possess multiple origins of replication (74) .
Lobry (68) associates the basis of strand compositional asymmetry to replication mutational and repair biases different in the leading versus lagging strands. Francino & Ochman (30) emphasize a mutational bias associated with transcription-coupled repair mechanisms and deamination events (C → T mutations in coding sequences). Other sources of compositional strand asymmetry might include enzymological and architectural asymmetry at the replication fork, differences in signal or binding sites in the two strands, differences in gene density coupled with amino acid and codon biases between the two strands, and dNTP pool fluctuations during the cell cycle. It appears likely that there is no single cause of the strand compositional asymmetry but rather a melange of many influences. In this context, multiple replication origins putatively attenuate strand compositional asymmetry (72) .
